Both type 1 diabetes (T1D) and celiac disease (CD) have been linked to autoimmune thyroid disease (ATD). We examined if individuals with both T1D and CD were at a higher risk of ATD than those with only T1D.
Further supportive of a link between these three immune-mediated conditions is the higher prevalence of CD in both T1D and ATD (7) (8) (9) (10) .
Although epidemiological data suggests a common genetic background for all three of these organ-specific T cell-mediated diseases, knowledge on shared susceptibility genes is incomplete (11, 12) . CD has been shown to be strongly associated with the MHC class II molecules HLA-DQ2 and HLA-DQ8 (11) . Regarding CD and T1D, both conditions share similar HLA and non-HLA genetic loci, with HLA genotype DR3-DQ2 and DR4-DQ8 strongly associated with T1D and DR3-DQ2 with CD (13, 14) . With regards to CD and ATD, studies have shown that HLA-DQ2 and DQ8 are disproportionately represented in patients with autoimmune thyroiditis and Graves' disease (15) . Interestingly, Ventura et al. (16) have suggested that the introduction of a gluten-free diet in patients with CD may actually decrease the levels of thyroid-related antibodies in these patients.
Diabetes and thyroid disorders are the two most common endocrinopathies seen in clinical practice. They can often coexist within families and in the same individual (17) . The reported prevalence of thyroid dysfunction in diabetes is variable, ranging between 4.8 and 31.4%, influenced by the terminology used to define diabetes and thyroid dysfunction in differing studies (12) . Given the increased risk of thyroid disease in T1D and potential for significant morbidity, current guidelines recommend screening of patients with T1D for thyroid disease (18) . Although advocated in guidelines, uncertainty remains as to the optimal method of screening, its frequency, and whether it is actually cost effective (18) .
Given the previously reported associations between these diseases, the aim of this study was to examine if CD is a risk factor for future ATD in patients with T1D. This research was conducted through linked data from the Swedish nationwide registries, calculating relative and absolute risks of ATD in 5,531 patients with T1D according to CD status.
RESEARCH DESIGN AND METHODS

T1D
We ascertained T1D using inpatient and hospital-based outpatient data on T1D from the Swedish National Patient Register (19) . This registry started in 1964,  came nationwide in 1987, and added  outpatient data in 2001. T1D was defined as having a relevant ICD code representing T1D (ICD-7: 260, ICD-8: 250,  ICD-9 : 250, and ICD-10: E10). Older ICD versions in Sweden (7th, 8th, and 9th editions) made no difference between T1D and T2D, and hence we also required the first diabetes ICD code to be at #30 years of age. In Sweden, forms of diabetes other than T1D are uncommon below this age (3, 20) , and data by Miao et al. (21) suggest that in Sweden this definition has a 95% positive predictive value for insulin-dependent diabetes.
CD
The CD diagnosis was based on biopsy report data from all pathology departments in Sweden (n = 28). We defined CD as having villous atrophy in the duodenum or jejunum (Marsh histopathology stage III) (22) . Although we collected biopsy report data in 2006-2008, the actual biopsies had taken place in 1969-2008. The current study was based on 29,096 individuals with biopsyverified CD (previously described in our paper on mortality in CD [23] ). Earlier validation has shown that villous atrophy has a high specificity for CD in Sweden, and 95% of patients had CD when their patient charts were reviewed (24) . Although we did not require a positive CD serology for diagnosis, some 88% of those with available celiac serology data at diagnosis were positive, and when two independent reviewers manually examined .1,500 biopsy reports with villous atrophy or small intestinal inflammation, diagnoses other than CD were uncommon in villous atrophy (inflammatory bowel disease occurred in 0.3%, and Helicobacter pylori in 0.2% of samples) (24) . On average, three tissue specimens were obtained per biopsy session (25). 
Study Participants
Through the Swedish National Board of Health and Welfare and Statistics Sweden, we identified 42,539 individuals with T1D and no data irregularities (see our paper on mortality in T1D+CD for details) (26) . Among these, 2.3% (n = 960) had a diagnosis of CD before 31 December 2009. From the remaining individuals with T1D, we selected up to five control subjects per T1D+CD patient (in total n = 4,608). Control subjects were matched for age (exact year), sex, and birth year (exact year). Finally, we excluded 36 individuals with a diagnosis of ATD before first T1D diagnosis and one CD individual with other data irregularities. This left us with 947 individuals with T1D+CD and 4,584 individuals with only T1D.
Statistical Analyses
We modeled CD as a time-dependent variable in a Cox regression to calculate hazard ratios (HRs) for future ATD. We began follow-up on the date of the first T1D diagnosis and ended it with the first of the following potential events: diagnosis of ATD, emigration, death, or end of study period (31 December 2010). All Cox models were adjusted for sex, age, and calendar period at T1D diagnosis.
The risk of ATD was determined according to sex of the patient, calendar year of first T1D diagnosis (1964-1975, 1976-1987, 1988-1999, and 2000-2009) , and age at T1D diagnosis (0-9, 10-19, and 20-30 years) (Tables 2 and  3) . We chose these age categories since the children below the age of 10 years in Sweden have rarely reached puberty (27) , and since the third age-group (20-30 years) consists of adults rather than children (and is also cared for by adult medicine physicians). We calculated incidence rated through dividing the number of ATD events with time at risk. Since earlier research on comorbidity in T1D+CD has shown a different pattern in the first 5 years after CD diagnosis (likely due to ongoing inflammation and surveillance bias), we also estimated the risk of ATD according to follow-up (,5, 5-9, and $10 years) (26, 28, 29) .
To rule out that our results were due to misclassification of T1D, we carried out four sensitivity analyses. In one we excluded those individuals who had a record of having oral antidiabetic medication in the Prescribed Drug Register according to relevant ATC codes (A10B and A103) since this may signal that they have T2D rather than T1D. In a second sensitivity analysis, we excluded women who were pregnant at the time of their first T1D diagnosis (0-9 months before delivery) since such diabetes may be gestational instead of T1D. Data on pregnancy were obtained through the Swedish Medical Birth Registry. In a third analysis, we restricted our analysis to patients with an inpatient diagnosis of T1D. Since earlier research has shown that the prevalence of both CD (30) and T1D (31) varies by country, we performed a fourth sensitivity analysis restricting study participants to those born in the Nordic countries. Finally, we calculated the risk of hypothyreosis and hyperthyreosis according to CD status in patients with T1D.
Ethics
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RESULTS
Some 55% of study participants were female ( Table 1 ). The median age at first T1D was 9 years, and the median age of CD diagnosis (date of biopsy with villous atrophy) was 12 years. Patients were followed up for a median of 13 years. A majority of study participants were diagnosed with T1D in the 1990s and later. The median age of first ATD was 25 years in individuals with T1D+CD.
Overall Risk of ATD During 8,890 person-years of follow-up, there were 90 cases of ATD among patients with T1D and CD (expected n = 54). The incidence rate of ATD was 1,012/100,000 person-years in T1D+CD vs. 607/100,000 person-years in control subjects with an excess risk of 406/ 100,000 person-years (rounded). Hence, 40% of the ATDs occurring in individuals with T1D and CD could be attributed to the underlying CD ( Table 2 ). The relative risk of ATD in T1D individuals with CD was 1.67 (95% CI 1.32-2.11).
Overall, some 10.8% (n = 102) of T1D+CD patients had a diagnosis of ATD at some stage of life (before or after CD), compared with 7.2% (n = 329) of patients with T1D only. The Supplementary Appendix shows a Kaplan-Meier curve of the risk of ATD in individuals with T1D who at some stage in life had a CD diagnosis (be it before or after ATD).
Duration of CD and Risk of ATD
The highest risks of ATD were seen after .10 years with CD (Table 2 ). This is also illustrated by the Kaplan-Meier curve (Supplementary Appendix).
Stratified Analyses
Risk estimates were independent of sex, but we found a higher risk of ATD in the first calendar period (P for interaction between CD and calendar period = 0.049) and a lower risk in individuals diagnosed with T1D in early childhood (P for interaction = 0.015) ( Table 3) .
Sensitivity Analyses
All four sensitivity analyses found similar risk estimates (exclusion of individuals with oral antidiabetic medication: HR 
CONCLUSIONS
We performed a population-based cohort study of 947 patients with both CD and T1D and compared these to 4,584 individuals with T1D only. During follow-up, 90 patients with T1D+CD developed ATD, representing an excess risk of 67%. Importantly the highest risks were seen after .10 years with CD, suggesting that long-term double autoimmunity is a risk factor for ATD.
We believe that our work is the largest study to date to examine whether concomitant CD and T1D influences the likelihood of developing ATD. To our knowledge, there has only been one previous pediatric study from the Czech Republic (n = 251) examining whether ATD occurs more frequently in coexisting T1D and CD compared with T1D alone (32) . Findings from that study failed to show that coexisting CD in T1D influenced the occurrence of ATD. The discrepancy between our findings and the previous study may be accountable by the difference in sizes between the two studies, with our cohort over 20 times larger than the previous study's population. In addition, our median follow-up was 13 years compared with 4.9 years in the Czech study. This could potentially have influenced the outcomes obtained as the highest risk of developing ATD from our work was after 10 years or more of having CD and T1D. Given the increased long-term risk of developing ATD in patients with both CD and T1D, our work would support screening for ATD in this high-risk group of patients. Currently, there is a lack of consensus from major endocrine and diabetes societies' guidelines as to which thyroid function tests should be performed and as to when screening should be undertaken (33) . Most guidelines advocate screening for ATD in all patients with T1D at the point of diagnosis. Beyond this, the screening intervals are uncertain, with some practice guidelines not specifying a time for repeat screening, whereas others recommend annual or 2-year testing or more frequent testing if patients are antibody positive, have a goiter, or have another autoimmune disease (33) . Although uncertainty exists regarding the merits and the cost effectiveness of these differing screening strategies, findings from our work suggest that patients with both CD and T1D are at particularly high risk of developing ATD. Consequently, a pragmatic approach that we would advocate for screening in these high-risk patients would be to measure thyroid peroxidase antibody (TPOAb) and thyroid-stimulating hormone (TSH) at baseline and then annually thereafter.
Other interesting findings from our work are that the highest risk estimates for developing ATD were in the first calendar period (1964) (1965) (1966) (1967) (1968) (1969) (1970) (1971) (1972) (1973) (1974) (1975) of our study. A potential explanation for this outcome could be that historically screening for ATD in T1D was poorly performed and possibly only considered in those with double autoimmunity, such as those with both T1D and CD. As guidelines have evolved and screening improved over recent years, there has undoubtedly been an increase in the detection of ATD in all T1D patients, which could have caused a reduction in the risk estimates. Another interesting observation from our study is that the lowest risk of ATD was identified in those who were diagnosed with T1D in childhood (0-9 years). A plausible explanation for this finding could be that ATD is most strongly associated with age-groups .45-50 years (34) . As our median followup was 13 years, this may have been insufficient time for those diagnosed at an early age to have reached the typical age of ATD.
Our work may have clinical implications as recent work has suggested that patients with concomitant T1D and ATD have diminished quality of life (35) . Given the previously recognized reduction in quality of life in patients with CD, clinicians should be mindful that patients with CD, ATD, and T1D have a higher potential risk of psychological problems, which should trigger early referral to health care professionals with relevant expertise if concerns are identified (36) .
Among the strengths of our study are the number of patients with both T1D and CD and a follow up of .8,800 person-years in the CD patients. Furthermore, CD was identified through biopsy records showing villous atrophy. During the study period, biopsy remained the gold standard for diagnosis in both children and adults, and $96% of all pediatricians and gastroenterologists in Sweden reported performing a small intestinal biopsy before diagnosis (24) . A patient chart review found that 95% of all samples with villous atrophy represented CD, a higher positive predictive value than physician-assigned diagnosis for CD in the Swedish Patient Registry (37) .
Some limitations of this study should also be considered. It has been reported that the prevalence of CD in patients with T1D is between 1.6 and 12.3% (7). At present, Swedish patients with T1D are screened for CD, but because such screening did not occur in the early part of our study period, we cannot rule out the possibility that some individuals classified as having T1D alone may also have undiagnosed CD. However, because individuals with T1D and undiagnosed CD would not make up .3-4% of our reference group (if the average CD prevalence in T1D is 6% [7] ), such misclassification would not affect our risk estimates more than marginally. In summary, this is the largest study to date demonstrating that concomitant CD and T1D influences the likelihood of developing ATD. Our findings would support the merits of screening for ATD in this group or patients with double autoimmunity.
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